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[1] A fast‐flowing tributary of Recovery ice stream pene-
trates more than 500 km into the interior of East Antarctica.
Recent satellite‐based studies found surface features in the
onset area of this tributary that indicate a significant sub-
glacial hydraulic system, including four large smooth basins,
the typical surface expression of large subglacial lakes, as
well as eleven smaller areas over which ice‐sheet surface ele-
vations rapidly changed by discharge/filling of subglacial
water. Here we present the first ice‐penetrating radar evi-
dence of subglacial conditions in this area. We identified a
distinct ice‐water interface only over a limited area within
the boundaries of the investigated large smooth basins, pre-
viously hypothesized to be water‐filled lakes. The radar char-
acteristics in some areas are similar to those of a drained lake,
indicating that parts of the bed are wet, but not a typical lake.
We also find evidence for discrete water bodies outside of
the lake boundaries. The lines of evidence indicate that the
northern most two Recovery Lakes have recently drained.
Citation: Langley, K., J. Kohler, K. Matsuoka, A. Sinisalo,
T. Scambos, T. Neumann, A. Muto, J.‐G. Winther, and M. Albert
(2011), Recovery Lakes, East Antarctica: Radar assessment of
sub‐glacial water extent, Geophys. Res. Lett., 38, L05501,
doi:10.1029/2010GL046094.

1. Introduction

[2] The fast‐flow channel of the Recovery ice stream
penetrates more than 500 km inland, draining ice from a
catchment comprising 8% of the East Antarctic ice sheet
[Joughin et al., 2006]. In the upper reaches of the Recovery
catchment are four areas characterized by an exceptionally
smooth, flat ice surface, which were proposed to be the
surface expression of four large subglacial lakes (Recovery
Lakes) [Bell et al., 2007]. Bell et al. [2007] also argued that
the Recovery Lakes are hydraulically linked to the onset of
fast flow into the Recovery ice stream, suggesting a possible
leakage of the Lakes. ICESat satellite altimetry detects the

movement of subglacial water downstream of Recovery
Lakes but not over Recovery Lakes [Smith et al., 2009].
Continental‐wide ice‐flow modeling predicts significant
subglacial water channels in a wider area including the
Recovery Lake area [Pattyn, 2010].
[3] The lack of field evidence prevents us from deter-

mining the nature of the subglacial hydraulic system in this
region. In addition to water, the other controlling compo-
nents of the hydraulic system are basal geology and topog-
raphy [Anandakrishnan et al., 1998]. Marine sediments,
deposited prior to the growth of the ice‐sheet have been
inferred beneath the neighboring Slessor Glacier [Bamber
et al., 2006; Rippin et al., 2003] and beneath the lower
streaming section of the Recovery catchment [Joughin et al.,
2006]. Bell et al. [2007] showed that the Recovery lakes lies
along a tectonic fault, a similar setting to subglacial Lake
Vostok and a lake near the South Pole, both of which have
thick subglacial sediment packages beneath the water body
[Filina et al., 2008; Peters et al., 2008].
[4] Here we examine 530 km of ice‐penetrating radar data

collected during the Norwegian‐US IPY traverse over and
between the large Recovery Lakes A and B (referred to here
as LA and LB) [Bell et al., 2007] and a nearby recently
drained lake, R11 (Figure 1) [Smith et al., 2009]. The results
are used to test the hypothesis that the smooth flat ice sur-
faces of LA and LB delineate the extent of water‐filled
subglacial lakes and, in more general, to examine the sub-
glacial environment in this area.

2. Data and Methodology

[5] We derive basal hydraulic head, anomalous bed
reflectivity, and a proxy for specularity using 3‐MHz ground‐
based radar data (see section S1 of Text S1 of the auxiliary
material for details).1 These are the primary parameters com-
monly used to identify subglacial lakes [Carter et al., 2007;
Siegert, 2000].
[6] The hydraulic head h is a measure of potential water

flow at the ice‐sheet bed [Oswald and Robin, 1973]. Water
will tend to drain in the direction of lower hydraulic head
and stay in the regions of h minima. Where the ice over-
burden is fully afloat over basal water, hydrostatic equilib-
rium is reached so that h is maintained uniform. Such areas
are considered potential lakes. h is derived as:

h ¼ zsurf � 1� �ice
�water

� �
� H ð1Þ

where zsurf is the ice sheet surface elevation, rice and rwater
are the density of ice and water respectively and H is the ice
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thickness. We estimate an error of ±1.4 m in our calculated
values of h.
[7] The bed reflectivity is derived from the radar‐measured

bed returned power [Pbed]dB, which can be expressed in
decibel scale as [Matsuoka, 2011]:

Pbed½ �dB ¼ S½ �dB � Gbed½ �dB þ Rbed½ �dB � 2hNiH ð2Þ

where [Rbed]dB is the bed reflectivity, [S]dB is a term encom-
passing the radar system characteristics, [Gbed]dB is a geo-
metric factor proportional to ice thickness H, and hNi is the
depth‐averaged one‐way attenuation rate.
[8] We calculate the returned power [Pbed]dB in a window

bounding the picked bed reflection, using half the sum‐of‐
squared amplitudes divided by the number of samples in the
window [Gades et al., 2000]. [Pbed]dB is normalized by the
amplitude of the direct wave, which varies up to 5 dB, to
account for possible variations of instrumental factors (see
section S2 of Text S1 for details). Finally, we extract [Gbed]dB,
approximated as the square of ice thickness, to give a corrected
returned power ([Pbed

c ]dB = [Pbed]dB − d[S]dB + [Gbed]dB ∼
[Rbed]dB − 2hNi H). We reject [Pbed

c ]dB with a signal‐to‐noise
ratio smaller than 3 dB, which amounted to 16% of the entire
dataset.
[9] To estimate [Rbed]dB from [Pbed

c ]dB, it is necessary to
extract the attenuation. The depth‐averaged attenuation rate
can be estimated directly from the data. We linearly approx-
imate the ice thickness dependence of [Pbed

c ]dB (the relation
is linear in the decibel scale, see Equation 2) and derived
the ice‐thickness gradient of the corrected returned power
hd[Pbed

c ]dB/dHi. This gradient has been widely used as a
proxy of the regional‐mean attenuation rate [Matsuoka et al.,
2010; Matsuoka, 2011]. From our analysis, hd[Pbed

c ]dB/dHi
is −16.6. ± 3.9 dB km−1, yielding hNi of 8.3 ± 2 dB/km (for
one way). Data within the boundaries of the proposed lakes
were not included in this analysis since this area in general
has thicker ice and is expected to have a larger bed re-
flectivity, which may result in depth dependence of the bed
reflectivity and jeopardizes the precise estimate of the
attenuation rate (Equation 2).
[10] The quality of hd[Pbed

c ]dB/dHi as a proxy of regionally‐
averaged hNi depends on how the attenuation rate varies
in this area. We estimated variations of hNi using a one‐
dimensional attenuation model [Matsuoka, 2011] for mea-
sured ice thickness data, surface temperatures [Muto, 2010]
and recent accumulation rates from cores and shallow radar
layers obtained on the same traverse. Results show that the
attenuation rate is approximately constant at 8–9 dB km−1

for a geothermal flux in the range 50–60 mWm−2 (see section
S3 of Text S1 for details). Therefore, in this study, we used the
derived hd[Pbed

c ]dB/dHi as a proxy of the attenuation rate.
[11] Deviations of measured [Pbed

c ]dB from the value pre-
dicted for an attenuation rate, estimated above, has been
widely used as a proxy of bed reflectivity [Rbed]dB [Jacobel
et al., 2009; Winebrenner et al., 2003] and is given by;

� Pc
bed

� �
dB

¼ Pc
bed

� �
dB

þ d Pc
bed

� �
dB
=dH

D E
H ð3Þ

Figure 1. Radar‐derived bed properties plotted with the
MODIS image background [Scambos et al., 2007] over
subglacial lakes LA and LB [Bell et al., 2007], and R11
[Smith et al., 2009]. Contours show the surface elevations of
the ice sheet [Bamber et al., 2009] in order to show approx-
imate directions of the ice flow. Inset shows extent of study
area. (a) Ice base elevation (m a.s.l.). The location of the
profile shown in Figure 2 is highlighted with the black line,
offset slightly to the east of the radar track. (b) Hydraulic
head, h (m). (c) A proxy of bed reflectivity d[Pbed

c ]dB. Potential
lake areas, where h deviates by less than 3 m from the basin
minima, are shown by the black bars.
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Thus we expect to measure higher values of d[Pbed
c ]dB over

subglacial lakes with a clean ice‐water interface than over
saturated sediments or surrounding grounded ice regions.
[12] The specularity of an interface has also been used to

help distinguish subglacial lakes. A spatially extensive ice‐
water interface will give a smooth, flat, and consistently
bright reflection on the radargram, compared to an ice‐rock
or ice‐sediment interface [Siegert, 2000]. As a measure of
specularity we use the standard deviation of d[Pbed

c ]dB
(STD) within a lateral window of 400 m, similarly to [Carter
et al., 2007], noting that the results are virtually unchanged
for window widths of 200–1000 m. Low values of STD
imply a highly specular interface, such as a clean ice‐water
interface.

3. Results and Discussion

[13] Now we examine basal conditions of LA, LB, R11,
and the transect between these lakes on the basis of hydraulic
head h, anomalous bed reflectivity d[Pbed

c ]dB, and specularity
STD, together with surface features already known from
satellites. Table 1 summarizes our results. The primary pur-
pose of this analysis is to distinguish areas with a distinct
ice‐water interface (i.e., subglacial lake) from other inter-
faces with varying qualitative degrees of wetness.
[14] The distinct topographic basins of LA, LB and R11

(Figure 1a) occur at local hydraulic minima (Figure 1b),
suggesting they are potential water traps. We delineated
“potential lake area” within the boundaries of the lakes as
areas where h deviates by less than 3 m from the basin
h minima (black stripes in Figure 1c). LA contains the
largest potential lake area. The east‐west gradient of h in LB
dictates that water will drain to the western margin of LB. At
the southern part of the boundary between LA and LB is a
ridge separating the two basins (Figure 1a). However, this
topographic barrier and associated hydraulic isolation is not
seen in the northernmost radar profile and minimum h values
in LA and LB are nearly equal. This suggests that LB and
LA are hydraulically connected at the north end (Figure 1b).
[15] The southernmost profile over LA is characterized by

the highest d[Pbed
c ]dB values (Figure 1c) and the lowest STD

values (not shown) within the lake boundaries. Our inter-
pretation is that the southernmost area of LA has a distinct
ice‐water interface and associated significant water body
beneath it.
[16] The central areas of LA and western margin of LB

differ from southernmost LA. h is as uniform as the
southernmost LA (Figure 1b), but d[Pbed

c ]dB is roughly 5 dB
lower and STD is higher than the distinct ice‐water interface
of southernmost LA. This indicates that central LA and
western margin of LB do not have the clear ice‐water inter-
face. Their basal interfaces are rougher and dryer than the
distinct subglacial lake. The simplest interpretation of this

feature is that the bed of these areas is wet, but not typical
lakes.
[17] Figure 2 shows the three subglacial‐lake proxies

along the longest profile from south to north including LB,
LA, and R11 (shown by the offset black line in Figure 1a).
The central area of R11 where h is minimal (Figure 2c) has
high STD values (Figure 2e) and intermediate d[Pbed

c ]dB (red
line in Figure 2d), which is lower than LA and LB but
higher than the adjacent grounded ice region to the north.
Therefore, we interpret the bed of R11 to be wet, although
dryer than the beds of LA central and LB west. This inter-
pretation is consistent with ICESat altimetry evidence showing
that the surface of R11 lowered 20 months prior to the radar
survey, suggesting that the lake drained [Smith et al., 2009].
[18] Comparable radar characteristics to R11 were found

in the eastern and central areas of LB (Figures 2d and 2e,
0–25 km compared to 200 km), indicating that these areas

Table 1. Summary of the Three Radar Proxies of Subglacial Lakes and Our Interpretations

Region h d[Pbed
c ]dB STD Interpretation of Basal Interface

1. South LA Flat High Low Clean ice‐water interface (lake)
2. Central LA West LB Flat Medium Medium Water‐rich interface
3. R11

Central/East LB
Flat

Gradient
Low Medium Water‐rich interface, but drier than region 2 (drained lake)

4. LA‐R11 transect Flat/gradient High Low Clean ice‐water interface

Figure 2. (a) Surface and (b) bed elevation, and (c‐e) the
three major radar derived proxies of subglacial lakes along
the longest profile including LA, LB, and R11, shown by
the black line in Figure 1a (offset to the east of the track).
The grey shaded areas delimit the original proposed lake
boundaries [Bell et al., 2007; Smith et al., 2009]. Sections
crossing the uniform local h minima (+3 m) are emphasized
with a thick black line in Figure 2c. In Figure 2d, red and
blue solid/dashed lines show d[Pbed

c ]dB averaged over the
solid‐line sections, respectively, over R11 and over western
margin of LB and central area of LA. The hatched boxes
indicate the intra‐lake sections of large d[Pbed

c ]dB and low
STD referred to in the text.
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have beds similar to R11. Because these areas have lower
bed reflectivity than western LB, we argue that the bed in
eastern and central LB is dryer than western LB. This is
supported by the gradient in h in LB that indicates that
water will drain from east to west (Figure 1b).
[19] Outside of these lake areas we find three locations

where d[Pbed
c ]dB is high and STD is low (110 km, 135 km,

and 165 km), suggesting the presence of a distinct ice‐water
interface. Although we only have one radar line, and cannot
characterize the three‐dimensional potential, the area with
the uniform h (extending 8 km along the profile), could be a
small lake, while two sites with a significant gradient in
h could be subglacial water channels oblique to the mea-
sured radar profile. Such an interpretation would be con-
sistent with the view of an extensive and active hydraulic
system in this area.
[20] Reviewing these lines of evidence, we infer that, at

the time of data collection, a distinct ice‐water interface,
typical for subglacial lakes, exists only in southernmost LA.
However, the extremely smooth surface and associated
upstream troughs and downstream ridges found over LA
and LB [Bell et al., 2007] strongly indicate that there were
significant water bodies beneath LA and LB for a significant
period. Therefore, we argue that the hydraulically connected
LA and LB, are most likely recently drained. Similar radar
characteristics beneath the drained R11 and central and
eastern LB support this interpretation. The large extent of
LA and LB (8300 km2 [Bell et al., 2007]) makes it difficult
to detect surface elevation changes associated with the basal
drainage/inflow events. For example, the water volume
(0.2 km3) drained from R11 would lower the surface of LA
and LB by only 0.025 m, which is lower than the height
change criteria (0.1 m) used to identify active lakes using
ICESat altimetry data [Smith et al., 2009].

4. Conclusions

[21] Based on our analysis of the radar characteristics of
this region (Table 1) and on the satellite evidence [Bell
et al., 2007; Smith et al., 2009], we conclude that only the
southern end of LA contains a significant water body, such
that LA and LB were not water‐filled at the time of the radar
survey to the full extent of the boundaries inferred from their
surface expression. In the rest of LA and LB, the hydrauli-
cally downstream areas have wetter conditions than the
hydraulically upstream areas, where bed conditions are sim-
ilar to a drained lake, R11. This new evidence leads us to
conclude that LA and LB are recently drained. The volume
and frequency of moving water during infilling/discharge
events, and associated ice motion is of particular interest in
the context of the dynamics of the onset area of Recovery
ice stream and its effect on the downstream area, and ulti-
mately on the freshwater flux from this area to the ocean.
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